I. INTRODUCTION

I
T has been shown that three-dimensional (3-D) micro devices can be attained through assembly of two-dimensional (2-D), surface micromachined hinged flaps, which are uniquely capable of rotating freely about their bases [1] . In recent years, hinged flaps have enabled many devices and applications. For example, they have been used to realize micro opto-electro-mechanical components such as free-space beamsteering reflectors [2] , tunable Fabry-Perot etlons [3] , and corner cube reflectors [4] . These components can be implemented in optical and communication systems with unique functions and performance. Sensors, such as hot-wire anemometers [1] and dynamometers [1] , have also been developed through assembly of hinged structures. Arrays of micro sensors with 3-D structures would greatly increase the accuracy and variety of measurement data.
Further improvement in the development and assembly processes for hinged flaps is required to fully realize the potential of these microstructures for new 3-D structures and applications. As-fabricated flaps reside within the substrate plane and must be rotated out-of-plane to achieve functional 3-D devices. Such a rotation process must be accomplished using reliable and efficient actuation methods. A number of passive and active actuation techniques are currently in use; these methods, however, do not provide high reliability and efficiency necessary for array structures and mass fabrication. Water rinse, a passive actuation process, is accomplished by placing a chip in moving, turbulent fluid flow to actuate the flaps. It does not provide adequate control over the displaceManuscript received May 6, 1998 ; revised October 17, 1998. This paper was presented in part at the 1998 Solid State Sensor and Actuator Workshop. Subject Editor, E. Obermeier.
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ment of individual hinged microstructures. Active assembly methods include thermal [5] and electrostatic actuation [6] .
In most developed active-actuation methods, the off-plane displacement of a structure is provided by a dedicated onchip microactuator that is mechanically linked to the flap. The ability to deploy large arrays of devices is compromised because each actuator must be individually biased. Most actuators also occupy a relatively large chip area (on the order of 100 m 2 ) in addition to the flap itself; this could increase die sizes and limit the ultimate area density of integrated MEMS.
The method of accomplishing off-plane angular displacement for hinged microstructures must have high efficiency and yield (parallel actuation). It is also critical that any on-chip mechanism for achieving actuation must occupy minimal chip area. Dependable actuation of array microstructures and assembly of 3-D devices will result if these requirements are met.
II. MAGNETIC ACTUATION OF HINGED MICROSTRUCTURES
We have developed a new method for deploying (rotating) hinged flaps using magnetic actuation. A piece of electroplated Permalloy material is attached to a hinged flap [ Fig. 1(a) ] to provide the means of actuation. The electroplating step follows established surface micromachining processes and has minimal influence on existing design rules and process recipes. Under zero bias, the flap rests in the substrate plane [ Fig. 1(b) ]. When an external magnetic field is applied [ Fig. 1(c) ], with the magnetic field strength being , the Permalloy develops a magnetization , which interacts with the external field to produce a torque. The induced torque causes the flap to rotate out of plane about its base. Such a magnetostatic actuation method has been studied in the past to activate flexure structures [7] , [8] .
Actuation of hinged structures using magnetic forces offers the following advantages: 1) high efficiency and yield in chipscale or wafer-scale parallel actuation; 2) minimum dedicated chip area for active actuation; and 3) fast response time. A global magnetic field is capable of addressing a large number of devices in parallel. Since the Permalloy piece overlaps with the area of the microflap, the actuation mechanism occupies minimal additional chip area.
Actuation based on magnetostatic interaction can potentially offer relatively large force and large displacement for micromachined devices. Several authors have published results on micromachined magnetic actuators in the past. Wagner et al. attached precision-machined permanent magnet pieces on suspended plates [9] and integrated in-plane coils on the same chip to generate an external magnetic field. The volume of the permanent magnet piece is on the order of several that are capable of achieving out-of-plane displacement of several hundred micrometers and magnetic forces on the order of tens of milliNewtons [10] . Judy et al. studied inplane actuation of suspended polycrystalline-silicon flexure structures with integrated electroplated Permalloy pieces [11] . The actuators achieved large angular displacements (over 90 ) under a magnetic torque provided by applying an external magnetic field. Recently, Miller et al. [12] and Judy et al. [8] have also reported Permalloy magnetic actuators capable of addressing individual devices in a global magnetic field.
III. DESIGN AND THEORY
When an external magnetic field is applied perpendicular to the substrate, the Permalloy material develops a magnetization , which interacts with to induce a bending torque acting on the hinged flap. The torque causes the flap to rotate off the substrate plane; its magnitude can be expressed as (1) where and are the length, width, and thickness of the Permalloy piece, respectively, and represents the displacement angle between the flap and the substrate. The magnitude of the magnetization depends on When the displacement is small, the Permalloy material is partially magnetized; as increases, gradually approaches a saturation magnetization Such effects have been modeled in detail by Judy et al. [8] . In our work, the regime of large displacement is the major focus. In a simplified analysis, the magnetic material can be treated as possessing a constant magnetization, with This assumption will yield accurate results under large displacement angles. The value of for the Permalloy used in our experiments is similar to that obtained by Liu et al. [7] .
In order to realize 3-D mechanically stable assemblies, it is important that flaps within close vicinity must be able to achieve asynchronous actuation under a global magnetic field. In our work, the design objective of controlling the angular displacement of a flap has been accomplished using two techniques. In the first method, the volume of the magnetic piece determines the magnitude of [according to (1) ] and, subsequently, the displacement of the device under a given
In the second method, a cantilever-beam loading mechanism is used to provide a resistive force to the otherwise free flap as it rotates out of plane. The stiffness (or the spring constant) of the cantilever beam will determine the angular displacement of the flap. A stiffer spring can provide greater resistive forces to the microstructure; consequently, a greater is needed to reach a desired angular displacement. By using these two methods, individual hinged components can be lifted in a prescribed sequence as the magnitude of is gradually increased from zero to a maximum.
Our designs include two types of hinged structures to demonstrate the above-mentioned control methods. A Type-I structure, shown in Fig. 1 , consists of a flap that is anchored by three hinges. It is able to rotate without restriction about its base, which is parallel to the -axis. Typical dimensions for the flap are 300 300 2 m and the pins have a cross-sectional area of 2 2 m Ideally, these hinges do not provide resistance to the angular displacement of the flap except for friction when the hinge and the pin, both made from polycrystalline silicon, are in contact. The primary method of controlling the displacement of Type-I structures is through the use of different Permalloy volumes.
Type-II structures ( Fig. 2 ) are identical to Type-I ones except that the middle hinge is replaced by a spring-loading mechanism, consisting of an offset slab (a widened pin) and a clamped cantilever beam. The offset slab is designed to be 6-m wide whereas the regular hinge pin is only 2-m wide. The width of the offset slab is greater than the vertical spacing between the bottom of the cantilever beam (at rest) and the substrate (such a spacing is determined by the thickness of structural and sacrificial layers). When the flap is at rest , the offset slab and the cantilever beam are not in contact. The flap can rotate freely (without inducing bending of the cantilever beam) until the slab touches the bottom of the cantilever beam. The displacement angle of the flap at the contact point is determined by both the geometry of the offset slab and the original vertical spacing between the substrate and cantilever beam. As the flap is rotated further, the offset slab causes the cantilever beam to deflect. Consequently, the flap experiences reactive forces counteracting the magnetic interaction
The maximum vertical displacement of the cantilever beam is determined by the width and thickness of the offset slab and the vertical distance between the substrate to the bottom of the cantilever beam. The latter distance has an average value of 4.75 m following the Multi-User MEMS Process (MUMP's) [13] . The vertical deflection of the cantilever beam at the contact point is related to the reactive force under small-bending assumptions (2) where is the effective length of the beam; is the modulus of elasticity; is the moment of inertia of the cantilever beam. equals to , with and being the width and thickness of the beam, respectively: is defined to be the resultant force normal to the cantilever beam at the contact point between the beam and offset slab. The stiffness of the cantilever beam is proportional to
The equilibrium position of a flap results when the effect of the resistive force balances that of (1).
IV. FABRICATION
The major steps for realizing hinged microstructures with electroplated magnetic material are illustrated in Fig. 3 . Plain hinged microstructures (without the magnetic piece) can be fabricated based on established surface micromachining processes such as the MUMP's [13] . A layer of polycrystalline silicon (poly 0) is first deposited on top of the silicon substrate using low-pressure chemical vapor deposition (LPCVD). A sacrificial layer (phosphosilicate glass, PSG1) is then deposited and patterned, after which a second layer of polysilicon (poly 1) is placed on top of PSG1 to form both flaps and hinge pins [ Fig. 3(a) ]. Over the poly1 layer, a second layer of phosphosilicate-glass (PSG2) is deposited. Anchor holes are etched through both PSG1 and PSG2 layers. A last polysilicon layer (poly2) is then deposited and patterned to complete the hinge [ Fig. 3(b) ]. The average thickness of each layer is listed in Table I . 
TABLE I VARIOUS LAYER THICKNESS AFTER THE MUMPS PROCESS
We perform additional steps to attach a piece of magnetic material (Permalloy, or Ni Fe to the hinged flaps. First, the PSG2 material is selectively removed from the flap region by using diluted hydrofluoric acid solutions. Two metal layers, Cr and Cu, are then deposited on the chip as a seed layer for the electroplating process [ Fig. 3(c) ]. Because Cu does not adhere well to the flap, an initial 200-Å-thick Cr layer is sputtered to promote adhesion between the poly1 layer and the thermally evaporated Cu (4000Å thick). The thickness of the seed layers is adequate to provide electrical continuity for the electroplating process. A 6.2-m-thick layer of photoresist is patterned above the seed layer with selective openings that define the electroplated magnetic material. We conduct electroplating of the Permalloy [14] under a dc bias to reach the desired thickness [ Fig. 3(d) ]. Plating is performed at room temperature. The plating rate, which is 10 m/h under a current density of 25 mA/cm , is consistent throughout multiple process runs. The properties of magnetic material are repeatable. Previous studies have indicated that the quality of the Permalloy material can be further improved by using a pulse plating process [15] . After the magnetic material has been electroplated, the photoresist and the exposed seed layer materials are removed. Hinged structures are then released in HF (49% wt.) and rinsed in deionized (DI) water [ Fig. 3(e) ]. The patterned Permalloy is unaffected throughout this process as it is resistant to HF and to etchants for Cu and Cr.
In the final liquid-drying process, surface tensions of the liquid can force the flaps to contact the substrate and cause permanent stiction. In our work, drying of released hinges is assisted by magnetic actuation. Chips are first rinsed in isopropyl alcohol and then allowed to dry in air at room temperature. The speed of liquid evaporation can be accelerated through heating with an infrared lamp. A magnetic field (5.2 10 A/m) is applied to the chip so that the flaps are perpendicular to the substrate during the liquid evaporation; the magnetic field is maintained until the isopropyl alcohol is completely removed. The torque due to surface tensions is overcome, and stiction is avoided because the flap and the substrate will not come into contact. This method, also used by Liu et al. [16] , significantly increases the yield.
V. EXPERIMENTAL SETUP
Measurements of the flap angular displacement with respect to are obtained using a video-microscope setup (Fig. 4) . The is produced by an industrial-strength electromagnet. We immerse the chip completely in isopropyl alcohol during the characterization process. This measure serves two purposes. First, it minimizes frictional effects at the base of the hinge. Second, it eliminates any stiction between the flap and the substrate, allowing high yield of data throughout repeated tests. The flaps are also operational in air. However, the friction at the hinges and surface forces between the flap and the substrate can alter the actuation characteristics and potentially reduce the reliability of actuation.
The camera is placed at an angle with respect to the wafer substrate. The perceived displacement angle differs from the actual displacement angle due to the tilted viewing angle of the camera and optical refraction at the liquid-air interface. The relationship between and is expressed as (3) where and are the refractive indexes for air and isopropyl alcohol, respectively. 
VI. RESULTS AND DISCUSSION
A. Magnetic Actuation of Type-II Structures
We have found that Type-I structures can assume only two steady positions, or as the external magnetic field increases from zero (Fig. 5) . When no magnetic field is applied, the Permalloy piece is not magnetized and the flaps lie in the substrate plane with As is increased, the flap displacement remains at 0 until a threshold magnetic field strength is reached. As the magnetic field increases beyond the threshold value, the magnetization of the Permalloy piece generates sufficient torque to cause the flap to rotate. Because there is no mechanical resistive force to counteract the torque created by the magnetization of the Permalloy, the flap will make a direct transition to , aligning with the magnetic field lines.
We have observed that the of a hinged flap is related to the volume of the attached Permalloy piece. Therefore, the displacement angle of different microstructures, under the same magnetic bias, can be effectively controlled by choosing the volume of the attached Permalloy material. All measurements were performed with identical flap dimensions, but with different volumes of the Permalloy piece. Each data set contains three identical sample structures (having the same Permalloy volume) with every structure undergoing 25 trials to determine an average During each trial, the flap is raised from the substrate plane to a vertical position, then released. Fig. 7 .
A group of Type-I flaps can be designed to actuate in a specific sequence based on the associated values. To allow two structures to achieve distinct asynchronous actuation in a with the constants being extracted from our experimental data (Fig. 8) .
As the flap rotates from to , the fluid environment will provide a resistance to the flap, which is related to the shape of the flap and to the speed of angular displacement. Due to these fluid effects, the rate at which is increased and the initial amount of fluid present between the flap and substrate become important variables. Such hydrodynamic effects will influence . In our work, we have focused on microstructures with fixed areas in order to identify the effects of different Permalloy volumes. To maintain consistency in testing, the strength of the magnetic field is increased in a quasi-static manner. The flaps have been allowed to settle at for 3 s between trials, and has been increased at a steady rate of 2.1 10 A/m-min when obtaining the data outlined in Fig. 6 .
B. Magnetic Actuation of Type-II Structures
Unlike Type-I structures, Type-II flaps can achieve steadily varying displacements (within a certain range) due to the counteractive spring loading mechanism. Fig. 9 shows the typical displacement characteristics of a Type-II flap with a cantilever beam 75-m long and 35-m wide. The volume In region I, the flap is initially in the plane of the substrate until an adequate magnetic torque is present to cause the flap to rotate. The offset slab will not contact the cantilever until the flap has been deflected by nearly 32 . After the offset slab and the cantilever beam have made contact (region II), increases in result in steady increments of This is attributed to partial magnetization of the Permalloy at lower values of In this region, the magnetization of the Permalloy will vary as a function of the applied magnetic field until it reaches the saturation magnetization These observations are consistent with those obtained in [8] . As the Permalloy reaches the saturation magnetization (region III), the rate of change in with respect to will reach a maximum. In region IV, approaches an asymptotic value due to the angular dependence of the magnetic torque. The shape and general trend of the experimental data is consistent with theoretical analysis for relatively large displacement angles. The vertical deflection of the cantilever beam gradually increases until it reaches a maximum value when the offset slab is at as defined by the diagonal length of the offset slab cross section (Fig. 10) . Finally in region V, the angular displacement approaches 90 very rapidly. The vertical displacement of the cantilever beam will actually decrease as the flap displacement is increased from 71-90 . The exact angle at which the transition to will occur is influenced by frictional forces and the edge profile of the offset slab. From the experimental data, it appears that this occurs most often near
The flap is able to make a direct transition to 90 because the resistive forces produced by the cantilever beam favor increases of This allows identical flaps to achieve different angular displacements under a spatially uniform magnetic field. As the Permalloy volume is increased, the magnitude of required to achieve a certain angular displacement is reduced. This is expected because the magnitude of the torque created by the magnetization of the Permalloy is directly related to its volume. The effect of varying cantilever beam dimensions is consistent with small-displacement beambending theory; structures with stiffer cantilever beams require a greater magnetic torque to achieve identical deflections.
Using the experimental results, we have obtained a design rule that allows realization of asynchronous actuation. We define as the magnitude of the external magnetic field necessary to achieve 70 displacement of a flap. The magnitude of is a function of both the Permalloy volume and the cantilever-beam dimensions (Fig. 12) . Within the figure, it is clearly shown that decreases with increasing Permalloy piece volume and decreasing cantilever beam width. The relationship between and the Permalloy volume is given by (5) where and are constants which have been obtained from the experimental data. Values of and for different cantilever beam dimensions and Permalloy volumes are summarized in Table II . Type-II structures (without additional locking mechanisms) can remain stable after the external magnetic field has been removed (Fig. 13) . When the flap is at 90 , a flat sidewall on the offset slab (produced by reactive ion etching of polysilicon material) is in full contact with the cantilever beam. The ability of the flaps to remain at this position, when subjected to external forces, is therefore determined by the stiffness of the cantilever beam and the width of the offset slab. We have found that shorter cantilever beams with the largest cross-sectional area will provide the most stability.
C. Three-Dimensional Assembly of Hinged Structures
The ability to control the angular displacement of the microstructures has allowed us to form assemblies using a prescribed magnetic actuation sequence. Combinations of two and three hinged microstructures have been used to form 3-D assemblies, which remain stable after the magnetic field is removed. Components involved in an assembly are interlocked to prevent each other from falling to the substrate. Such an assembly requires zero power or bias to maintain.
An assembled device that uses two hinged structures is shown in Fig. 14 . It consists of a primary and a secondary flap, both of Type-I. The secondary flap contains a slot which is used to lock the primary flap in an upright position. This device can assemble only if the two flaps are lifted in a predetermined order, as illustrated in Fig. 15 . Assuming that the magnetic field is spatially uniform and its magnitude is gradually increased, the displacement of the flaps is controlled by using different volumes of Permalloy. In this case, the Fig. 15(a) ] when there is no external magnetic field. As is gradually increased, the primary flap will rise to 90 [ Fig. 15(b) ] first due to the greater volume of Permalloy material. Further increase of causes the secondary flap to rise to 90 and lock the primary flap into a fixed position [ Fig. 15(c) ]. We have demonstrated that an array of 3-D structures can be formed in parallel (Fig. 16) .
Three-dimensional assemblies utilizing three flaps, one primary and two secondary, have also been demonstrated (Fig. 17) . The primary flap has a tapered area and the secondary flaps contain locking slots. In this assembly mechanism, the order of actuation (for primary and secondary flaps) is not critical. The device will assemble if all three flaps rise to 90 simultaneously. If the primary hinge rises to 90 first, then the secondary hinges rise 90 to lock the primary hinge into place. On the other hand, secondary hinges may rise to 90 first. As the primary hinge rises, it pushes the secondary hinges outwards and then locks into place when its edges catch the slots in the secondary flaps. Both the two-and three-hinge assemblies are capable of remaining assembled after is removed.
VII. CONCLUSIONS
Sequential and parallel actuation of hinged microstructures has been demonstrated through the use of magnetic actuation. The angular displacement of the structures can be controlled by modifying the volume of the magnetic material or the stiffness of a cantilever-beam loading device. Both methods have been shown to be effective. Preliminary design rules for achieving desired asynchronous actuation in Type-I and Type-II flaps have been established. For Type-I structures, which have only two stable positions, the relationship between the threshold magnetic field and the volume of the Permalloy piece is provided in (4) . The inclusion of a cantilever spring mechanism in Type-II structures allows them to achieve a range of steady, incremental angular displacements. A parameter is established in (5) to account for the stiffness of the cantilever beam and the volume of the Permalloy material. The ability to control the angular displacement of individual hinged flaps under a global magnetic field has enabled us to assemble arrays of 3-D devices efficiently.
